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Abstract: Voyager 1 is observing the energy spectra of anomalous cosmic ray H, He, and O in the
heliosheath. The relative abundance of H/He is 20 at 1-1.5 MeV/nuc, indicating that H pickup ions are
more efficiently accelerated than was modeled from observations at higher energies. Voyager 2 began
observing upstream energetic ions from the shock in late 2004 at ∼75 AU, about 10 AU closer to the Sun
than observed by Voyager 1. Voyager 2 will be at 84.7 AU at the end of 2007 and may have crossed the
termination shock.
Introduction
The composition of the anomalous cosmic rays
(ACRs) reflects that of pickup ions formed by the
ionization of neutral interstellar atoms flowing into
the heliosphere and accelerated at the termination
shock. Based on observations of higher energy
ACRs at ∼70 AU during the last period of mini-
mum solar modulation (1998 to mid-1999), Cum-
mings et al. [1] used a 2D propagation model to
predict a H/He ratio of 4.2 at 0.5 MeV/nuc for a
strong shock and 5.2 for a weak shock. When com-
pared with the pickup ion abundances expected at
the shock, this indicated an acceleration efficiency
for H that is only 0.12 (strong shock) to 0.15 (weak
shock) that for He.
Voyager 1 began observing accelerated ions up-
stream of the shock in 2002 [2, 3]. At low energies
(∼1 MeV/nuc), these termination shock particles
exhibited a H/He ratio of ∼10 [3], larger than in-
ferred from model fits to the higher energy ACRs
observed in 1998-99. However, the relationship of
the upstream spectra to the spectra at the shock and
to the ACRs at higher energies was not readily ap-
parent. Voyager 1 crossed the shock in December
2004 at 94 AU [4, 5, 6] and is now well into the
heliosheath where the low energy spectrum is ex-
pected to be the same as at the shock. These spec-
tra should provide a direct measure of the relative
composition of low energy ACRs accelerated at the
termination shock.
Observations
Since entering the heliosheath, Voyager 1 has ob-
served a reasonably steady intensity of ∼0.5 MeV
H ions from the shock [6]. At somewhat higher
energies (> 3 MeV H), the intensity initially in-
creased, reaching a steady level in early 2006 (Fig-
ure 1). As discussed by Cummings and Stone [7],
this increase may have been the recovery of the in-
tensity of the shock source spectrum that had been
depressed by a series of merged interaction regions
(MIRs) prior to 2005. The steady state nature of
the Voyager 1 spectra since early 2006 suggests
that they may provide a direct measure of the com-
position of low energy ACRs.
Spectra for H, He, C, and O observed in the first
52-day period in 2007 are typical of recent steady
state spectra (Figure 2). Comparing these spectra
with those observed at the recent solar minimum
upstream of the shock [1] illustrates that, as ex-
pected, the modulation of the heliosheath spectra
at lower energies is greatly reduced compared to
that observed ∼20 AU upwind of the shock.
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Figure 1: Intensities and streaming of energetic H ions from the termination shock observed by Voyager 1
and Voyager 2. The observing directions of the Low Energy Telescopes A, B, and C, are shown in RTN
coordinates with R radially outward and T in the azimuthal direction along the spiral magnetic field toward
the Sun. Voyager 1 crossed the termination shock on 2004.96. As indicated by the ratio of outward vs.
inward intensities, Voyager 1 began observing ions streaming outward from the shock along the interplane-
tary magnetic field in mid-2002 at 85 AU. Voyager 2 began observing upstream ions beaming inward along
the field in late 2004 at 75 AU, indicating that the shock is likely closer in the southern hemisphere than at
Voyager 1 in the north.
Although the H and He spectra resemble power
laws, close inspection (Figure 3) reveals systematic
differences from a single power law. Cummings et
al. [9] fit the H spectrum with four power laws,
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Figure 2: Energy spectra observed by Voyager 1 for days 1-52 of 2007. The dotted lines are the spectra
observed at solar minimum (1998/001 to 1999/182) at ∼70 AU. Ions accelerated at the termination shock
dominate below ∼100 MeV/nuc and galactic cosmic rays are apparent at higher energies. The under abun-
dance of C is a signature that the ions accelerated at the shock originate as interstellar pickup ions [8].
finding E− 155 at the lowest energies, with a break
at ∼0.4 MeV to E− 22. They suggested this was
the injection source for diffusive shock accelera-
tion that had an injection threshold energy of ∼0.9
MeV and resulted in an E− 127 spectrum from that
energy up to a spectral break at ∼3 MeV. Although
lacking data below 1 MeV/nuc, the He spectrum
in Figure 3 appears to have a similar break at ∼3
MeV/nuc. The deviations from a single power law
result in an H/He ratio that decreases from ∼20 at
1 MeV/nuc to ∼10 at 30 MeV/nuc. The H/He ra-
tio at 1 to 1.5 MeV/nuc also varied from 5 to 20
as Voyager 1 approached the shock as shown in
Figure 4, but has been reasonably constant in the
heliosheath since early 2005.
Discussion and Conclusions
In the two stage acceleration model for ACRs pro-
posed by Zank et al. [10], the threshold for diffu-
sive shock acceleration for H and He were 337 and
223 keV/nuc, respectively, so they calculated the
intensities of H and He at 1 MeV/nuc, just above
the threshold energy. Starting with a pickup ion
flux with H/He = 44, they found that with a par-
ticular choice of scattering mean free path, the two
stage process resulted in a H/He ratio of ∼5.5 at 1
MeV/nuc. This indicated that the acceleration effi-
ciency for H was 0.125 times that for He, similar to
that inferred from model fits to higher energy ob-
servations [1]. However, these model fits did not
anticipate the non-power law features now appar-
ent at lower energies.
The Voyager 1 observations provide a direct mea-
sure of the H/He at 1-1.5 MeV/nuc. As shown in
Figure 4, the H/He was ∼10 upstream in 2002,
as reported by Krimigis et al. [3]. As Voyager 1
approached the shock, the ratio varied from 5 to
20, likely resulting from changes in the propaga-
tion conditions between Voyager 1 associated with
multiple MIRs and motions of the shock relative
to Voyager 1. However, since 2005/105 in the he-
liosheath, the rms variation of the 52-day averages
has been only 10% and the average ratio has been
20.0± 0.5. Assuming that 1-1.5 MeV/nuc is above
the threshold for diffusive shock acceleration, this
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Figure 3: H and He spectra from Figure 2, with
lower energy ion intensities (mostly H and < 0.5
MeV) from LECP. There are breaks in the H spec-
trum at 0.4 and ∼3 MeV and in the He spectrum at
∼3 MeV/nuc.
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Figure 4: The H and He intensities and the H/He
ratio at 1-1.5 MeV/nuc (52-day averages). The ra-
tio was smaller and more variable upstream of the
shock than in the heliosheath.
H/He ratio would indicate that the acceleration ef-
ficiency for H is ∼0.5 that of He. Further analysis
and theoretical modeling are needed, however, to
confirm this interpretation.
When Voyager 2 crosses the shock, it will not
only determine differences in the shock location in
the northern (Voyager 1) and southern (Voyager 2)
hemispheres, but it will provide another measure
of the spectra of low energy ions accelerated in a
different region on the shock. Voyager 2 began ob-
serving upstream ions 2.5 years ago at 75 AU and
will be at nearly 85 AU by the end of 2007. It
is likely to have crossed the termination shock by
then and add further to our understanding of shock
acceleration.
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